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APPERDIX B 

InrrERIOE ARRA APALYSIS EXAHPLES 

This Appendix presents l wle procedures for perfoming interior area 

coincident flood frequency analyses at outlets through the Line-of-protection. 
The examples are for: (1) period-of-record; (2) multiple discrete events; and 
(3) coincident frequency analyses procedures, Exhibits 1, 2, and 3, 
respectively. The examples emphasize the coincident analysis concepts for 

planning feasibility studies. Hydrologic and hydraulic aspects of interior 
areas are described only in the detail necessary to understand the overall 
analysis strategy. The reader should not apply these procedures without 
complete understanding of the needs and peculiarities of the study area under 
investigation. Study strategies presented herein would likely require some 
modifications for application to other study areas. 
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RYHIBIT 81 

PRRIOD-OF-RECORD ANALYSIS RPW6PL.E 

81-i. Purpose. 

This exhibit describes with a case example the period-of-record analysis 
procedure for performing hydrologic studies of a leveed interior area. The 
example emphasizes concepts in a feasibility study setting. The reader should 
be familiar with the material in paragraph 4-S prior to studying this example. 

Bl-2. General Study Backwound. 

a. The Corps of Engineers is perfoming a feasibility study of remedies 
for interior flooding of the Nelson Drainage and Levee District, an 
agricultural area in the Smith River Valley. The area is protected from 
direct river flooding to a two-percent chance exceedance frequency event by a 
akain levee and a tie back levee (See Figure B1.l). The interior area consists 
of 5,000 acres in the Smith River flood plain and receives runoff from about ’ 
300 acres of adjacent hill land. Runoff is conveyed through the interior area 
by a network of lateral ditches and main channels. The only outlet for 
interior runoff is an existing gravity outlet comprised of double 60 inch 
diameter culverts through the Line-of-protection. During Large events water 
from the Olson Pond Drainage and Levee District overflows into the study area. 

b. Agricultural crop flood damage has resulted from ponding of Local 
runoff adjacent to the Line-of-protection. Dam;lg8 occurs during prolonged 
periods of blocked gravity outflow caused by high river stages. Flooding 
cotmrtonly occurs in the spring months. Approximately one-half of the area has 
been inundated three times during the past 10 years. 

81-3. BStratenv. 

Reconnaisance level studies found that significant flood damage 
poten%al existed in the interior areas and that it is justified to study 
alternative flood Loss reduction plans. These plans include combinations of 
modifications to ditches. channels, and gravity outlets, and the installation 
of pumping facilities. Period-of-record analysis procedures are used to 
develop hydrologic data for agricultural flood damage assessments, optimal 
sizing of additional gravity outlets and pumping facility capacities, and 
selection of pump operating criteria. Data requirements and hydrologic 
analysis procedures used in the plan formulation portion of the study are 
described in paragraph L-5 Period-of-Record Methods and shown schematically on 
Figure 4.2. 

b. Period-of-record analysis procedures are applicable because of the 
availability of Long-term precipitation and exterior stage data, the 
agricultural nature of flood damage, and the simplistic nature of the interior 
drainage pattern at the major damage center. Flood damage evaluations may be 
computed directly from each historic event by accounting for season, 
magnitude , and duration of the event. Annual pump operation times may also be 
directly calculated. 

B-3 



EM 1110-L- L413 

NATURAL 
POND ING 
AREA 

15 Jan 37 

FIGURE El.1 Studv Area Mm 



EM 1110-2-1413 
15 Jan 87 

c. The period-of-record analysis .is performed for with and without 
proposed improvement for existing and future conditions. The existing 
condition minimuar facility (reference paragraph 3-2) is assumed as the gravity 
outlet presently in place.‘ The formulation strategy involves initial 
evaluations of additional gravity outlet capacity (ultimately found not 
feasible) and subsequent analysis of various puplping facility sizes. & 
period-of-record assessm+ is performed for the existing condition9 without a 
proposed improvemant project, and for each gravity outlet and pumping facility 
size. Since no change in the agricultural area is projected throughout the 
project life, future hydrologic conditions are the same as existing conditions. 

81-4. HYdrOlOKiC Analysis Hethods. 

a. General. Analysis of the interior area is based on data requirements 
for period-of-record precipitation-runoff response parameters, ponding area 
geometry, seepage, overflow runoff into the study area, gravity outlet and 
pumping capabities, and exterior stage conditions. Calculations involving 
these parameters are perfomd at 24-hour intervals for the 50-year period-of- 
record selected for analysis. Interior hydrographs are subsequently generated 
and routed through the line-of-protection. The resulting interior 
stage-hydrographs are used in damage calculations. The formulation strategy 
analyzed several sizes of gravity outlets and pumping station capacity. 

b. Historic River StaKe Data. Historic river stage data are required at 
the gravity outlet and proposed pumping facility location (river mile 471.9) 
to perform the period-of-record coincident routings through the line-of- : 
protection. The period-of-record stage data are developed from the histdric 
record of the nearby streamgage (river mile 482.7) using a river transfer 
relationship (Table 81.1). The transfer relationship is derived by 
determination of differences in elevations of similar water surface profiles 
between the two locations 

Table 81.1 
River Elevation Adjustment 

Relationship 

Elevation at 
' River Gage 
Nile 482.7 

Elevation at 
Interior Pond 
Gravity Outlet 
River Nile 471.9 

368.0 361.2 
370.0 363.1 
372.0 365.1 
374.0 367.0 
376 .O 369.0 
378.0 370.9 
380.0 372.7 
390.0 382.2 
400.0 391.8 
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C. Preciuitation Data. A daily time interval was selected as appropriate 
for this period-of-record analysis. Review of exterior stage and daily 
precipitation records obtained on magnetic tape from the U.S. Geological 
Service and Pational Weather Service, respectively, indicate an analysis 
period of up to SO-years may be used. This period-of-record length is 
considered adequate for the agricultural study area. Daily rainfall values 
were obtained from National Weather Service data at three nearby raingages and 
used to develop a rainfall distribution pattern for the study area. This is 
accomplished by weighting the respective contribution of each raingage based 
on the distance of the gage from the center of the study area. 

d. Rainfall-Runoff Analysis. The daily time interval and interest in 
volume (instead of peak flow) of inflow into the interior pending araa enables 
the adoption of a simplified rainfall-runoff analysis procedure. The 
generated daily precipitation data for the study area is adjusted by seasonal 
loss factors to obtain rainfall excess (Table 81.2). The excess values are 
multiplied by the drainage area to obtain the volume of inflow into the 
interior ponding area. Channel routing is not required due to the small basin 
and daily time interval of analysis. 

Table 81.2 
Seasonal Runoff Factors 

for Rainfall Excess Calculations 

Season Factor 

Uinter (Dee - Feb) .55 

Spring War - hay) .73 

Summer (Jun - klg) .65 

Fall (Ott - Pov) .70 

8. Seeoane. A secondary inflow into the ponding area is seepage which 
occurs through or under the line-of-protection during high exterior river 
stages. A relationship of seepage rate versus the differential head between 
the interior pond and exterior river stage is estimated based on pumping tests 
of interior relief wells installed for levee stability and estimates by 
foundation engineers obtained Erom similar studies. The total seepage 
includes inflow adjacent to the levee, beyond the levee, and from relief 
wells. A one day lag time is used to simulate estimated transmission rates. 
Figure 81.2 shows the seepage rate versus head relationship. 

f. Overflow. The rating curve developed to characterize the overflow of 
water from the study area into adjacent areas is shown on Figure 81.3. The 
relationship is based on a normal depth rating curve for the cross-section 
overflow areas. 

6. Interior System Characteristics. The physical characteristics of the 
interior system defined for the analysis are the ponding area, conveyance 
ditch systems, gravity outlets, and pumping stations. Their locations are 
shown on Figure 81.1. 
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(1) Pondinrr Area. The interior ponding area is adjacent to the 
line-of-protection at the gravity outlet and proposed pumping facility 
location. The main ditch flows into the ponding area. The area is defined 
for analysis by an elevation-storage relationship showa in Figure C1.3. The 
major damage to crops in the interior area occurs from ponding in this area. 

(2) Convevance. The small lateyal interior ditches flow into the main 
channel of the interior system which conveys flood waters to the ponding 
area. Inflow to the ponding area is governed by the conveyance capacity of 
the channel. Figure B1.4 shows the channel inflow rating curve (elevation- 
discharge relationship). The inflow is dependent on the elevation of the 
ponding area. 

(3) Gravity Cutlets. The double 60 inch gravity outlet conveys water 
from the ponding area through the line-of-protection. The outlets function 
only for a positive head cor.ditions (interior pond elevations are higher than 
the exterior river elevation). The gravity outlet rating functions are 
plotted for a range of possible flow conditions associated with ponding area 
and river elevations. Figure 81.5 shows the rating function for the double 60 
inch gravity outlet in the study area. 

(41 Pumving Facilities. Alternative pumping facility capacities are 
analyzed as part of the feasibility study. The pump location is adjacent to 
the ponding area. The pump head-capacity relationship is based on information 
supplied by pump manufacturers (Table 81.3). Pump start and stop elevations 
are based on the proposed plan of operation. 

Table 01.3 
Pumping Facility Criteria 

(75 cfs Pump) 

Head Efficiency 
j Feet) (Percent) 

0 100 
10 100 
ls 97 
20 93 
25 88 
30 80 
35 50 

Start Pusq Elevation 348.0 
Stop Pump Elevation 346 :5 

h. Interior PondinK Routing. The result of the period-of-record analysis 
is a continuous stage hydrograph of the ponding area adjacent to the gravity 
outlets and proposed pumping facility. The routing is performed by balancing 
the inflow, outflow, and ponding level for each day of the period of record. 
Inflow may occur from rainfall runoff, seepage. and overflow from the OLson 
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Pending Drainage and Levee Districts. Outflow may result from gravity 
outlets, when the exterior river elevations are lower than the interior 
ponding stqe, and from pumping. The volume of inflow that exceeds outflow is 
stored in the ponding area. 

The period-of-record interior pending stage may be estimated using the 
foLlowhg procedure: . 

(1) Calculate runoff, seepage. and overflow inflow into the pending area 
and add the total volume to the present storage to determine highest possible 
pond ins level ; 

(2) Calculate the maximum outflow (based on physical constraints) to 
determine the lowest possible pond level for the period; 

(31 Assume a ponding level within the range possible; 

(4) Calculate outflow based on interior and exterior stage conditons and 
associated gravity outflow and pumping capacities; 

(5) Reiterate steps (3) to (4) for successive pending level approximation 
until the end-of-period storage from two successive iterations varies by less 
than a specified tolerance; 

(6) Continue steps (1) through (5) for the next time interval until the 
entire period-of-record is analyzed; and 

(7) Repeat steps (1) through (6) for other alternatives. 

The interior analysis procedure may be performed using a computer program 
to simulate interior inflows, interior stage conditions. and hydrograph 
routings through the line-of-protection. Table 81.4 shows an example 
computation sequence for the 8-17 Uay 1973 portion of the 50-year period-of- 
record. The procedure is repeated for each time interval for the entire 
record. The computer simulation model enables several alternatives of gravity 
outlets and pumping facility sizes to be analyzed in a single computer mn. 

. a. Calibration Procedure. The period-of-record hydrologic simulation 
model is calibrated to historic high water marks and the observed frequency of 
flooding at roads, bridges, StNctures, Landmarks located in the ponding area. 
Adjustments are made to the initial runoff Loss rate parameters and lag time 
to calibrate the results (peak stages and runoff volumes) to the observed data. 

BL-5. Summary. 

a. The period-of-record method of analyzing the coincident interior 
flooding of leveed or walled areas simulates the physical process of inflow, 
outflow, and ponding area storage and outflow over time. The procedure is 
especially applicable to analysis of interior systems where the primary 
concern is at a pending area adjacent to the line-of-protection. 
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Table 81.4 

oate (Inches) (NSD) (NVGD) (Acres) @SF) (DSF) (MF) (DSFI WFI 

(1) (4) (5) (6) (7) (8) (11) (12) 

8 nay 1913 

9 nay 1973 

10 Ray 1913 

11 nay 1973 

12 Hay 1913 

13 May 1913 

14 nay 1913 

15 Hay 1913 

16 nay 1913 

11 Ray 1913 

(21 (3) 

.Ol 310.0 

.32 311.5 

.a2 311.5 

.Ol 371.8 

0 372.0 

0 312.0 

0 311.8 

0 311.5 

0 311.3 

0 370.5 

358.9 613 146 2 25 0 0 12 0 

359.0 115 78s 85 25 0 0 71 0 

359.3 869 958 216 28 0 0 11 0 

359.2 846 916 2 21 0 0 71 0 

359.2 804 814 0 29 0 0 11 0 

359.1 162 832 0 30 0 0 11 0 

359.0 721 191 0 30 0 0 71 0 

358.9 679 149 0 30 0 0 11 0 

358.9 636 101 0 29 0 0 11 0 

358.8 554 663 0 28 0 0 11 0 

Period-of4ecorci Daily Analysis Exaple ' 

(6-!7 May 1913 Portion of SO-Year Record) 

Rainfall River 

Excess Elevation 

Pondiq Area Inflou Into Outflow Fm 

Area Storage Runoff bepage Overflm Gravity Rmp Overfla 

(11 Calculation time interval (24 hours shown as a date) of the perioddf-record used for analysis; 
(2) Rainfall excess ouer study area detenined by subtracting losses fran the rainfall value 

associated with each tim interval; 
(3) River elevation at the gravity outlet; 
(4) Interior ponding elevation for tim period detetmined by balancing inflow, outflow and storage of 

the pending area; 
(5) Area flooded associated uith interior ponding elevation; 
(61 Storage associated with interior pooding elevation; 
(7) Volum of interior inflfm to pondinq area resulting fran rainfall excess; 
(8) Volunz of seepage inflar to ponding area: 
(91 Volum? of overflar frw adjacent areas into study area; 
(101 Volum of gravity outflow fran ponding area; 
(111 Volune of flood water evacuated fran interior ponding area by wing; and 
(12) Voltme of flood uater whkh overflows fran study ponding area into adjacent area. 

NOTE: Clay-Second-Feet (DSFI = 1 cubic feet per second (cfs) for 24 hours. 
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b. The example described here is typical of a siruQe pond analysis for an 
a&cultural area adjacent to the line-of-protection. exterior stages. are 
determined by pwasfer of a historic record from a nearby streamgage. The 
runoff analysis is greatly simplified and uses a daily time interval but is 
sufficiently accurate for the volume accountily required for this area. Other 
inflow simlated are overflow from adjacent interior areas (evaluated 
separately) and seepage. Criteria for operating gravity and pumpiry outflow 
are dependent on the differential'irrterior and exterior stages. 

C. The flood loss reduction amasure formulation process requires analysis 
of various sizes of gravity outlets and pumping facilities. Alternative 
gravity outlet invert elevations and pump on-off oprration conditions are also 
evaluated. These assessments require additional analyses of the alternatives 
for the period-of-record. 
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eMIBIT 82 

CNtTIPtg DISCRETE gVEWTS 

82-l. Pumose. 

This exhibit describes a case example of the multiple discrete event 
analysis procedure for performing hydtOlO& studies of a leveed interior 
area. The example emphasizes development of a discharge-frequency 
relationship for flood damage evaluation requirements of a feasibility study. 
The reader should be familiar with the material in paragraph 4-6 prior to 
studying this example. 

BZ-2. General Study Backnround. 

a. The Corps of Engineers is performing a feasibility investigation of 
flood loss reduction measures of the Hartgrove Drainage and Levee District. 
The area is primarily agricultural, but also includes the community of Wilson 
Grove located adjacent to the line-of-protection (see Figure 82.1). The 
drainage and levee district is protected from direct flooding of the Smith 
River to a 2-percent chance exceedance frequency event by a main levee and two 
tie back levees (see Figure 82.1). A single 54 inch diameter gravity outlet 
enables evacuation of interior floodwaters through the line-of-protection 
during low river stages. 

b. The interior conveyance system consists of a complex network of 
lateral ditches connected to the main interior ditch which flows to the 
gravity outlet. Interior flooding along the lateral and main ditches is 
comnon when the gravity outlet is blocked by high river stages. Seepage also 
contributes to the interior flooding adjacent to the levee during prolonged 
high river stages. 

B2-3. Study Strategy. 

a. Reconnaissance level investigations found that significant flood 
damage potential exists in the Hartgrove Drainage and Levee District and that 
a survey study is justified to investigate alternative flood loss reduction 
plans. These plans include combinations of modifications to ditches, 
channels, and gravity outlets, and the installation of pumping facilities. 
Hult,iple discrete event analysis procedures are used to generate hydrologic 
data for both agricultural and urban (Wilson Grove) flood damage evaluations, 
optimal sizing of additional gravity outlets and pumping capacities. and 
selection of pump operation criteria. MOTE : Only the procedures required to 
develop the existing condition discharge-frequency relationship for Wilson 
Grove are described. Data requirements and hydrologic analysis procedures 
used in the plan formulation portion of the study process are described in 
paragraph 4-6 Multiple Discrete Event Methods, and schematically depicted in 
Figure 4.4. 

b. The multiple discrete event analysis is performed for with and without 
existing and future conditions. The existing condition miniuum facility 

B-13 



EM 1110-2-1413 
15 Jan 87 

FIGUREB2.1 Study Area Map 



EM 1110-Z-1413 
15 Jan i?7 

(reference paragraph 3-2) is assumed as the gravity outlet presently in place. 
The formulation strategy involves the analysis of additional gravity outlets 
and a torye of pumping capacities. The feasibility of increased ditch 
couveyance is analyzed for flood damage reduction and to ensure proper volume 
of flood waters reach the proposed pumping plant. A series of rmltiple 
discrete avents were analyzed for existing with and without project conditions. 

c. The hydrologic analysis strategy for developing discharge-frequency 
relationships for evaluation of flood loss reduction masures for Wilson Grove 
is: 

(11 Obtain historic rainfall and runoff (discharge and elevation) data 
for important events, 

(2) Analyze interior flood events associated with blocked or partially 
blocked gravity outlet conditions, 

(3) Analyze historic interior flood events associated with unblocked 
6jrovity outlet conditions, 

(4) Develop annd combine the discharge-frequency relationships resulting 
from (2) and (3) using the joint probability theorem, and 

(5) Analyze project proposal impacts on the hydrologic systems repeating 
steps (2) and (4). 

BZ-4. Hydrologic Analysis Methods. 

a. General. Analysis of the interior area is performed based on data 
requirements for runoff response parameters. ponding area geometry, seepage, 
gravity outlet and pumping capacities, and exterior river stage conditions. 
Calculations are made for both the blocked and unblocked gravity outlet 
conditions. Runoff hydrosraphs are developed, combined, and routed throughout 
the interior system, and ultimately through the Line-of-protection. The 
Wilson Grove urban damage at the gravity outlet is calculated using a 
discharge-frequency relationship developed from the joint probability theorem 
for blocked and unblocked conditions. The hydrologic analysis strategy is 
performed for the with and without existing and future project conditions 
evaluations. 

b. Hinh Exterior Stage Analysis. Historic river records of stage- 
discharge relationships are used to identify exterior events that might close 
the gravity outlet and therefore potentially produce interior flooding. The 

. data were obtained from a nearby strearngage and transferred to the gravity 
outlet Location by adjusting for the slope in the profile. The Smith River 
stage data were obtained for the period of 1934 through 1976. Thirteen events 
were identified as exceeding the normal gravity outlet closure stage (no 
interior runoff flooding). The events included all major river floods in the 
period-of-record. Table 82.1 Lists pertinent data associated with each of the 
events. 
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Table B2.1 
High exterior Stases 

Maximam Smith River Flood Events 
(Period-of-Record 1934 Through 1976) 

Total 
Et&nning Duration Peak W. S. lSlevation Interior 
Date of In at Gravitr Outlet Rainfall 

fi tlood Event as 1 Inches 
1. 2 Ear 1973 131 45.6 3so.4 37.82 

2. 13 Jun 1969 42 39.2 344.0 3.34 

3. 15 Mar 1962 62 36.2 341.0 6.43 

4. 6 Bay 1961 27 39.5 344.3 8.62 

5. 30 Ear 1960 84 38.4 343.2 7.79 

6. 12 Mar 1952 81 38.3 343.1 13.86 

7. 6 Jun 1951 61 41.8 346.6 8.23 

8. 21 8ar 1948 38 37.8 342.6 8.63 

9. 27 Hay 1947 108 41.8 346.6 6.86 

10. 5 Har 1945 122 38.7 343.5 20.48 

11. 12 Apr 1944 99 42.8 347.6 IS.26 

12. 9 Hay 1943 76 42.4 347.2 IS.67 

13. s Hay 193s 79 36.4 341.2 17.62 

(1) Days above gravity outlet closure stase. Closure stage corresponds to 
the river elevation that would result in interior damage if outlet was open 
and no interior runoff flooding was occurring SimLtaneously. 

C. Interior Rainfall Analysis. Interior rainfall analysis is performed 
for two conditions. The first includes estimating the historic rainfall 
Coinciding with the 13 exterior flood events. The daily totals are shown in 
Table 82.1. Daily totals are used due to the long duration of river flooding 
and Lack of hourly records until 1948. The second condition is intense 
historic rainfall periods (over a specified duration) that might induce 
flooding during unblocked or Low exterior river conditions. A seven day 
duration was adopted to insure sufficient runoff timing and volumes throughout 
the interior. Inspection of three nearby recording rain gages found 12 storm 
events of sufFicient intensity to cause potential flooding and damage to the 
interior area. Table B2.2 Lists the rainfall data associated with these 12 
events. A period-of-record from 1948 to 1974 is adopted since a 6-hour time 
interval of analysis meets the appropriate hydrologic analysis requirements 
for the interior analysis during unblocked gravity outlet conditions. 
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Tablo 82.2 
Low Exterior Stqe 

Max- 7-08~ Rainfall (I) 
(Period-of Bacord 1948-1974) 

Tot81 Storm Precipit8tion 
Date of Measurements in Inches 
Be&u&q (2) (3) (3) 
of storm Rainsaxe 1 Rainsaae 2 RainRaRe 3 

1. 21 Jan 1949 8.51 5.29 5.12 

2. 2 Ott 1949 5.62 6.05 6.13 

3. 1 Jan 1950 8.01 6.47 6.89 

4. 12 bug 19% 2.61 5.84 6.60 

5. 9 b6 1952 7.64 4.89 2.18 

6. 16 Cloy 1957 5.96 6.20 10.47 

7. 10 Jun 1958 4.67 10.03 5.12 

8. 16 Jul 1958 .9s 8.53 8.70 

9. 3 Mar 1964 10.70 9.72 9.29 

10. 17 Apr 1970 3.02 5.35 5.67 

11. 1s Apr 1972 5.42 7.12 5.59 

12. 23 Mov 1973 6.11 4.63 6.45 

(1) Haximwn 7-day events in Hay 1961 and Hay 1973 occurred during high Smith 
River conditions and are included in Table 3. 

(21 Hourly precipitation recorder. 
(31 Daily precipitation recorder. 

d. Rainfall-Runoff Analysis: 

(1) Interior Rainfall-runoff analysis is performed for each discrete event 
associated with blocked and unblocked gravity outlet conditions. Interior 
area subbasins are delineated based on hydrologic/hydraulic, flood damage, and 
existing and potential project locations. Dunoff hydrographs are calculated 
from the historic rainfall patterns, adopted losses rates, unit hydrograph 
transforms, and base flow (including seepage conditions). The hydrographs are 
subsequently combined and routed throughout the interior area to the 
line-of-protection. 
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(2) A percent imperviousness adjustment is required to reflect ponding 
and saturated ground conditions from runoff or seepage. This adjustment is 
necessary for the 13 hiSh river floods to calibrate the events and generate 
the appropriate volume of runoff. MO adjustment is necessary to the 12 
maxbum 7-day storm floods associated with unblocked gravity outlet conditions. 

(3) W+dified Puls procedure? rimlated flood toutings through both 
channel and pondfng reaches. Storage-outflow data are obtained from water 
surface profile analyses, and area-elevation-storaSe data from topographic 
map8 pnd surveyed sections. 

e. Coincident Flood Analvses. 

(1) Flood hydrosraphs are routed thrOuSh the levee by simrlotiry gravity 
outflow 8ndior pumping capacity associated with the exterior and interior head 
differential. The toutings include tSe 13 blocked and 12 unblocked condition 
hydrographs . The analysis results provide peak ponding elevations adjacent to 
the line-of-protection. 

(2) Calibration of the results is performed for the 1973 peak stage 
inforxation and by data received through extensive interviews with local 
residents. Local residents provide data on the frequency of road overtopping, 
ditch and channels overflowing the banks, and drainage patterns for the flat 
interior area. 

82-S. Existinn without Project Conditions Analysis. 

a. Existing conditions elevation-frequency relationships are developed 
graphically using peak elevation values determined from the interior 
analyses. The relationships are used to determine elevations and flood 
delineations associated with selected return interval events. The functions 
are also applied in the calculation of existing conditions expected annual 
damage. Table 82.3 is a tabulation of the peak interior flood elevations, for 
the area adjacent to the gravity outlet, for each of the 25 events analyzed. 

b. Development of elevation-frequency relationships for the 12 maximum 
I-day rainfall events, CoincidinS with low exterior (unblocked) gravity outlet 
conditions. is performed using Weibull's plotting positions. The peak values 
are arranged in descending order and plotted on probability paper using the 
Ueibull's plotting positions. Since the data were attained from the 1948-1974 
period. the denominator (I) in the Ueibull plotting position equation (l/W = 
27. 

c. The peak elevation-frequency relationship for the 13 high river events 
are similarly developed, with the exception of the plotting position for the 
1973 flood event and the Length of record 1. The extreme flood depth and 
duration of this interior flood event resulted from a rare combination of Long 
duration river flooding and corresponding extreme rainfaLL totals over the 
interior (See Table 82.11. Separate assessments resulted in an estimated 
.l-percent chance exceedance frequency for this event in the interior study 
area. Since these 13 events were the maximum for the period 1934-197s the 
Weibull I value is equal to 43. 
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Flood Event 
Date 

X8x. Interior 
Uater Surfqce 
Elevation (IPVCD) 

m8r 1973 338.2 
H8r 1945 331.3 
Mey 1935 331.2 
Jun 1951 330.8 
rroy 1943 330.7 
Jun 1969 330.7 
Uay 1947 330.4 
Apr 1944 330.3 
Mar 1960 330.3 
Maw 1952 330.2 
&ar 1948 330.0 
Her 1961 330.0 
Xar 1962 329.6 
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Table B2.3 
Sxistiq Conditions Interior Analysis Results 

(at Crwity Outlet) 
H&h Sxterior (River) Stages 

hibull 
Plotting 
position 

.1* Maw 1973 164 
4.5 Apt 1944 100 
6.8 H8r 1952 84 
9.0 M8y 1943 82 
11.4 War 1945 80 
13.6 Jun 1951 72 
Is.9 nay 193s 71 
18.2 May 1947 70 
20.5 llar 1960 70 
22.7 Her 1962 45 
25.0 Hat 1948 39 
27.3 Jun 1969 38 
29.5 Hat 1961 34 

Flood Event 
Date 

Duratioua (Days) 
Above Gravity Outlet 
B 

*Plotting position adjusted from 2.3. 

Existing Conditions Interior Analysis Results 
(at Gravity Outlet) 

Low Exterior (River) Stages 

Flood Event 
Date 

&UC. Interior 
Uater Surface 
Elevation (t?VGDl 

Hey 1957 330.4 
Jul 1958 330.3 
Apr 1970 330.2 
blov 1973 329.6 
Jan 1950 329.0 
Apr 1972 329.0 
Hair 1964 328.9 
Jan 1949 328.3 
Hay 1958 328.2 
Ott 1949 328.1 
Aug 1950 328.0 
h.46 1952 327.3 

Ueibull 
Plotting 
Position 

3.6 Jul 1958 29 
7.1 Apr 1970 28 
10.7 Hay 1957 25 
14.3 Apt 1972 23 
17.9 alov 1973 18 
21.4 Hey 1958 18 
25.0 Jan 1950 18 
28.6. Mar 1964 16 
32.1 Jan 1949 15 
35.7 AU6 1952 14 
39.3 bJ6 19% 14 
42.9 Ott 1949 12 

Flood Event 
Date 

Durations (Days) 
Above Gravity Outlet 
Closure Elevation 
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d. The resulting two elevation-frequency relationships are combined by using 
the total probability theorem for a partial series. Table B2.4 shows the 
tot81 elevotion-frequency relationship for the interior pOndin area adjacent 
to the levee at the gravity outlet. 

Table 82.4 
Existing Conditions. Elevation-Frequency Relationship 

Elevation 

329 

330 

331 

332 

333 

334 

33s 

336 

337 

338 

(1) P(A) + P(B) 

Probability of Interior Floodin& 

High River Low River Total 
P(A) P(B) Probability(l) 

.600 .200 .800 

.250 .060 .310 

.080 .OlO .090 

.030 .OOl .031 

.016 . 000 -016 

.007 . 000 .007 

.004 . 000 .004 

.002 ,000 .002 

.OOl * 000 -001 

.OOl . 000 -001 

% Ch8nce 
exceedonce 
Freouencv 

80.0 

31.0 

9.0 

3.1 

1.6 

.7 

.4 

.2 

.l 

.l 

82-6. Evaluation of Alternatives. 

a. Feasibility assessments of flood loss reduction measures are performed 
for with and without existing and future project condition anelyses using the 
basic strategy presented in paragraph 3-3. Additional gravity outlet capacity 

is evaluated as the initial step in the feasibility phase of the investi- 
gation. The hydrologic/hydraulic evaluations, iIbClUdin6 development of 
revised elevation-frequency relationships, are performed as described for 
existing conditions except the additional gravity outlet capacity is assumed 
in place. The economic evaluation shows the amxinum net benefits are obtained 
with the addition of two 60-inch gravity outlets through the Line-of- 
protection at the existing outlet location. 
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b. Tho existing and additional gravity outlets are edopted.fot the 
:zpng capacity feasibility assessments. Evaluations of pumping plant sizes 

-, loo-, 200.. and SOO- cfs are petformod for the feasibility 
l valrutions. Crpxirnrr uater iurface elevations are calculated for each of the 
25 historic events as described for existing conditions analyses. The 
economic results indicate the optimm sfso pumping plant to bo 100 cfs. 
Puwin6 times, for operatiop costs analyses, are obtained by averaging the 
annual values for the period-of-record. 

c. The feasibility assessment of other flood loss reduction awasures may 
be perfocmad assuming both the optinam size gravity outlet and pumping 
facility in place. Additional lateral channels and ditches are also required 
to reduce flood damage and convey flood waters to the pumping plant. 

82-7. summary. 

The Pultiple discrete event method provides several options of analysis. 
A period-of-record may be evaluated in a conventional manner using only those 
events that contribute to the flood problem and solution. This may 
significantly reduce the data processing and calibration tasks. The analysis 
of discrete events also makes available other single event analytical tools 
uhich typically enable evaluation of more complex hydrologic systems than 
those designed for period-of-record. Flood damage evaluations may be 
performed by event (most coumon for agricultural areas) or by development of 
exceedance frequency relationships as demonstrated in this example. 
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=IBXT 83 

COIDCIDgDT PBeQUWCY 

83-l. Pumose. Yhis exhibit describes a case example of the coincident 
frequency method of performing hydrologic studies for a leveed interior area. 
The example emphasizes calculation concepts of the method in a feasibility 
study setting. Two flood seasons are analyzed to demonstrate methods of 
combining seasonal frequency relationships using the total probability 
theorem. Calculation examples are limited to existing without project 
conditions analysis. The reader should be familiar with the material in 
paragraph 4-8, Coincident Frequency Methods, prior to studying this example. 

B3-2. General Study Background. 

a. The Corps of Engineers is performing a planning feasibility study of 

the leveed interior area. The study area is the flood plain portion of an 
urban area along the Smith giver which encompasses 5.2 square miles and is 
protected from direct river flooding to the Standard Project flood protection 
level. The study area is heavily developed with both manufacturing and 
commercial businesses (see Figure 83.1). 

b. The interior area has a maximum water course length of 3.6 miles with 
an estimated imperviousness factor of 35 percent. The interior topography 
slopes gently to the river. An existing 54 inch circular gravity outlet 
passes interior flood waters through the line-of-protection for positive head 
differentials with the Smith River. 

C. The Smith River has a drainage area of approximately 20,000 square 
miles above the study area. Daily stage records obtained from a nearby river 
gage data are available from 1929 to 1976. The mean daily discharge for the 
period is estimated to be 18,000 c.f.s. 

d. Interior flooding typically occurs from moderate to heavy rainfall 
when the gravity outlet is blocked from high river stages. During Low river 
stages the gravity outlet provides interior protection up to a one percent 
chance exceedance frequency event. Existing interior ponding is primarily 
limited to streets, parking Lots. and a small amount of vacant land. 
Additional ponding locations are not economically and socially feasible. 

83-3. Study Strategy. 

a. General Procedure. (1) A reconnaissance investigation has found that 
significant damage potential exists and that a feasibility study is justified 

to investigate alternative flood loss reduction plans. These plans include 
combinations of structural (gravity outlets, pumping facilities, and ditches) 
and nonstmctural (flood proofing, relocation, regulations and flood 
warning-emergency preparedness) measures. 
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(2) Coincident frequency techniques are used to generate hydrologic data 
for flood damaGe evaluations, measure petfomance appraisals, determine the 
optimal sizing of plan components, and define the operation criteria of the 
adopted plan. Assessment of interior and exterior flooding shows a high 
desreo of coincidence (high river stages coinciding with interior rainfall- 
runoff) b&wean the river and interior flooding. However, the dependence of 
the events i8 low due te the relative size of the river drainage area with 
that of the interior study area (reference Table 4.1). The urban damage 
potential of the study area is such that detailed duration and seasonal 
analyses is not needed. The low-dependence of the interior and exterior 
events, urban flood damage potential, and simplistic interior hydrologic 
system make the coincident analysis procedures appropriate for this study. 

(3) Adopted procedures for performing existing condition analyses are: 
(a) development of exterior stage data, (b) rainfall-runoff analyses of the 
interior areas, and (c) development of coincident stage-frequency functions. 
The plan fomlation and evaluation strategy involves repeating (a) through 
(b> for each alternative analyzed. Subsequent paragraphs detail the 
hydrologic analysis procedures used to develop existing conditions 
discharge-frequency relationships. Two flood seasons are evaluated to 
demonstrate the process only, and are not normally required for urban damage 
analyses. Uultiple flood season analysis may be required when flood damage is 
seasonally based, such as agricultural crop damage. 

b. Exterior Stare-Duration Relationshios. (1) Observed river daily flow 
estimates are used to determine the flow- and stage-duration relationships at 
the gage location. The data are adjusted to the nearby gravity outlet site 
accounting for differences in slope and rating curves between the locations. 
Inspection of river data indicates two distinct hydrologic seasons: (a) a 
flood season from April through June; and (b) a nonflood season from July 
through March. Figures 83.2. 83.3, and B3.4 show the annual flood season, and 
nonflood season Stage-dUratiOn relationships for the river. 

(2) Index Stage Values. Exterior index values (river elevations). 
required for the coincident frequency analysis. are obtained from the flow 
duration curve for the river. The index values represent the midpoint of the 
stage intervals selected for the analysis. Figures 83.3 and 83.4 show the 
flood season probabilities (actually percent of time exceeded) values obtained 
from the stage-duration relationships for each river stage used in the 
analysis. (BOTE: Interior analyses involving additional Smith River stage 
values would result in better definition of the probability intervals and more 
accurate results.) The nonflood season probability intervals were determined 
in a similar manner but are not shown (reference Figure 4.7). Table B3.1 
shows the index location and associated probability of flooding for the river. 

C. Interior Rainfall-Runoff Analysis. (1) The interior analysis 
requires development of a series of hypothetical frequency hydrographs 
associated with each of the index exterior stage conditions. Rainfall-runoff 
parameters are defined for each interior subbasin. The frequency hydrographs 
are routed throughout the interior system to the gravity outlet location. 
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(2) Rainfall Data. Hypothetical precipitation-frequency-duration annual 
rainfall data are used to generate interior subbasin runoff hydrographs. One 
hour to 10 days precipitation data are obtained from lotional Weather Service 
(UOAA) Technical publications. A LO-day rainfall duration is used to generate 
runoff hydrosraphs of appropriate volume associated with the potential long 
periods of hish river conditions. 

(3) Runoff Analvsis. Rainfall excess patterns for each subbasin are 
calculated from hypothetical frequency storm data and loss rate parameters. 
The subbasin rainfall excess is transfomed to mnoff hydrographs at the 
outlet of the subbasin usiryr a unit hydrograph. A set of interior frequency 
runoff events (SO-, 10-, S-, 2-, l-, and .2 percent chance exceedance 
frequency assi~mwnts) are determined for each index river stage. The 
analyses are perfornwd by season for existing and each modified condition. 
Approximated base flow and seepage inflow values are added to each event based 
on observed interior flow data and head differences with the river index 
stases. respectively. 

Table 83.1 
Smith River Index Stage Data 

Stage Interval Index Stage 
(Feet) <Feet NVGDI 

Prouortion of Time Stage Exceeded 
Flood Season Ionflood Season 
JApril-June) (July-March) 

558-562 560 fB,) .a100 .97so 
562-565 564 (B,) .1400 .0210 
565-567 566 (9,) .0430 .0028 
567-569 568 (B,) .0045 .0012 
569-571 570 (B,) .002s . 0000 

1.0000 1.0000 

(4) Flood Routinrs. Modified Puls routing procedures are used to 
approximate the flood hydrograph attenuation that occurs through the 
conveyance and natural storage systems of the interior area. Gravity outflow 
routings are performed for positive head differenikals between the interior 
and exterior stage levels. The resulting stage-frequency results are 
subsequently calibrated to observe event flood levels in the interior area. 

(d) Coincident Frewencv Analysis. 

(1) Coincident frequency analysis is performed to determine peak interior 
water surface elevations associated with the river index stages. Flood 
probability values for Pond A (P(A)), given the probability (P(B)) of the 
river at a specified stage, are then calculated. The probability value P(A) 
is termed the conditional probability of the interior Pond A. 
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(2) The conditional probability values are subsequently used to develop a 
weighted stage-frequency function for Pond A for each season. Tables B3.2 and 
83.3 show the. coincident probability values, weighted probability computation 
procedures and values, and total stage-probability (exceedance frequency) 
relationships of Pond A for the flood and nonflood seasons, respectively. 

(3) The composite stage-frequency relationship for both the flood and 
nonflood season is obtained by combining the two seasonal functions usinS the 
total probability theorem. The total probability relationship PT for this 
e-We, a partial series, is obtained by the equation PT - P(1) + P(2), 
where P(1) equals the flood season stase probability and P(2) the nonflood 
season probability associated with the ssme stage. For an annual series 
analysis the total probability theorem equation is PT - P(1) + P(2) - P(1) x 
P(2). The term P(1) x P(2) represents the joint probability of occurrences of 
the events. The numeric values, example computations, and the stage-frequency 
relationship are depicted in Table B3.4. 

(4) Similar computation procedures are required to develop coincident 
sta&e-frequency functions for existing and future with and without conditions 
(not presented herein). 

B3-4. Suumarv and Discussion. 

a. The coincident analysis procedure described is directly applicable to 
areas where exterior and interior flood events are independent. It is often 
useful to analyze the two extrem conditions which bracket the results prior 
to initiating a complete coincident frequency analysis. These conditions are 
(1) completely blocked gravity outlets; and (2) completely open gravity 
outlets. The results of these basic analyses will provide insights into 
whether additional studies are required, the level of detail necessary for 
additional studies. and identify potential alternatives to investigate. 

b. The frequency telationships defined by probabilities P(1) and P(2) may 
be either an annual or partial series. However , both frequency relationships 
must be the same type for the analyses. 
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TABLE 83.4 
Existing Without Project Conditions Stage-Probability 
(Weedas Frequency) for Interior Pond Elevation* 

Iutetior Pond ?lood Se88od Mozlflood Seuoa Total Probability Percent 
tlevation (A) Interior Polrd Interior Poud Interior Pond Ch8UCS 

(Feet WC01 Klev8tioa Prob Klwation Prob. 1Slev8tion Prob. Bxceedance 
P1 (Al Pz(A) P(A) Irequency 

564 1.0000 1.0000 1.0000 100.00 
565 .5950 .38S8 .9808 98.10 
566 .1982 .1302 .3284 32.80 
567 .0679 .0214 .0893 9.00 
568 .0093 .0022 .OlU 1.00 
569 .ooro .0002 .00x2 .lO 
570 .OOOl . 0000 . 0001 .Ol 

* Example coqutotion of total probability theorem for Pond A using water surface 
elevation 568. where: 

P(A) - PI(A) + P2(AL) 

t .0093 + .0022 
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